The goal was to measure the magnitude of cochlear responses to sound in pediatric cochlear implant recipients at the time of implantation and to correlate this magnitude with subsequent speech perception outcomes.
INTRODUCTION
Children with profound hearing loss who undergo cochlear implantation perform significantly better than their nonimplanted hearing impaired peers, with success in professional, educational, and social arenas persisting into adulthood (Beadle et al. 2005; Stacey et al. 2006) . In general, children who are implanted earlier than 3 years of age demonstrate a much greater likelihood of accomplishing age-appropriate reading, writing, and oral communication benchmarks than children implanted at a later age Nicholas & Geers 2007) . However, the speech, hearing, and oral communication outcomes achieved by children with cochlear implants (CIs) vary markedly. The cause of this variation is multifactorial and spans familial, social, educational, and biologic domains , and thus, precisely characterizing the sources of variation has remained a challenge. Factors influencing acquisition of open set speech perception include preoperative pure-tone average (PTA) thresholds, age at implantation, nonverbal intelligence, and age of onset of hearing loss (Ching et al. 2013) . When these variables are combined, they are able to account for less than 50% of the observed variance in speech outcomes (Geers et al. 2003; Stacey et al. 2006) . Consequently, a substantial proportion of the differential speech perception outcomes in implanted children remain unaccounted for by clinically relevant and routinely measurable variables. The capacity to predict, at the time of implantation, which children will likely struggle with open set speech perception would be valuable for clinicians and parents alike, because earlier and more targeted auditory rehabilitation and speech therapy interventions could be implemented and potentially lead to better outcomes for children.
Notably lacking in the literature are investigations of more direct measures of cochlear health at the time of implantation. Attempts to demonstrate the relationship between electrically evoked compound action potentials (ECAP)-both at the time of surgery and in subsequent implant mapping sessions-and speech perception outcomes have shown significant but small correlations (22% of variance accounted for, n = 24) (Kim et al. 2010) . Although Buchman et al. (2011) showed that a higher percentage of pediatric subjects with robust intraoperative ECAPs (81%) achieved open set speech compared to subjects with abnormal or absent ECAPs (27%), this study was limited to children with labyrinthine anomalies. Other studies that 250 FORMEISTER ET AL. / EAR & HEARING, VOL. 36, NO. 2, [249] [250] [251] [252] [253] [254] [255] [256] [257] [258] [259] [260] measured the extent of the surviving neural substrate in implant users through postmortem analysis of surviving spiral ganglion cells have consistently failed to demonstrate a correlation with word recognition in implant users (Blamey 1997; Nadol et al. 2001; Khan et al. 2005; Fayad et al. 2006) .
A technique that shows promise as a method for more directly assessing residual cochlear health before and during implantation is round window (RW) electrocochleography (ECoG) (Adunka et al. 2006) . Acoustic stimuli presented to the subject's ear elicit electrical signals that are recordable from the RW just before cochlear implantation. The utility of RW ECoG obtained intraoperatively for predicting speech perception outcomes has recently been shown in adults (Fitzpatrick et al. 2014) . In that study, the ECoG "total response," derived from analysis of the ECoG signals, was able to account for greater than 40% of the variance in speech outcomes.
The purpose of this study was to apply intraoperative RW ECoG as a technique for assessing residual cochlear health at the time of implantation and to explore its usefulness for predicting postoperative speech perception outcomes in children. The population studied is comprised of children who have reached sufficient maturity and performance with their CI to provide reliable outcomes using open set speech materials. Insofar as RW ECoG can provide more direct information about remaining cochlear hair cell and auditory neural function, we hypothesized that ECoG response magnitude would be associated with speech perception outcomes in a population of implanted children.
MATERIALS AND METHODS

Subjects
All pediatric subjects less than 18 years old who qualified for cochlear implantation were eligible for ECoG recording except those with atretic external ear canals, those who had legal guardians who were non-English speaking, or those who were undergoing a revision surgery of an existing implant. Informed consent was obtained from legal guardians and, when children were more than 7 years old, from the children themselves. All consents and study methods were in compliance with the Institutional Review Board at the University of North Carolina School of Medicine. Children with bilateral implants (n = 12) and ECoG recordings from both sides were counted separately as two different cases in the analysis of ECoG response across the entire population tested. Thus, the study included 77 subjects and 89 RW recordings. The age range of the subjects spanned from 10 months to 16.5 years at the time of ECoG recording, with a mean of 49 months (SD = 42 months). Twenty-four subjects were implanted before 2 years of age, 37 were implanted between 2 and 4 years of age, and 28 were implanted after 4 years of age.
All pediatric patients referred for cochlear implantation underwent extensive preimplant audiologic and speech and language testing and counseling at the UNC Carolina Children's Communicative Disorders Program (CCCDP) and the Center for Acquisition of Spoken language Through Listening Enrichment. Thus, a comprehensive birth, medical, family, and social history from each subject was obtained to gather relevant biographic, demographic, and clinical information, such as prematurity, medical comorbidities, and documented cognitive deficits.
Pure-tone audiometry, derived from the average threshold at 500, 1000, and 2000 Hz, was obtained for all children during the evaluation process, typically 1 to 3 months prior to implantation. For children 6 to 36 months, visual reinforcement audiometry was typically used (Lidén & Kankkunen 1969) . Children over the age of approximately 3 years were usually tested with conditioned play audiometry. This behavioral testing has been shown to corroborate the results of auditory brainstem testing that has been collected previously (Dwosack-Dodge et al. 2012) . For children for whom thresholds could not be measured at the limits of the audiometer ("no response"), 120 dB nHL was recorded on the audiogram. For all 89 ears, 11 (12%) had absent thresholds coded in this manner for at least one frequency used in the PTA calculation, while two of the ears of subjects with PB-k testing (7%) had a PTA of 120 dB nHL.
Because subjects implanted at a later age might have developed open set speech before progressing to become CI candidates, we hypothesized that progressive hearing loss might affect speech perception outcomes, and considered progressive versus stable hearing loss as a categorical variable in the analysis. We identified those with progressive hearing loss as subjects who experienced a greater than 10 dB progression in the threetone PTA threshold, recorded on more than one visit at least 1 month apart, in the absence of fluctuation.
Operative Setup
After induction of general anesthesia, a foam insert attached to a sound tube was placed in the external auditory canal of the ear being implanted. Surface electrodes were placed on the contralateral mastoid and the glabella, to be used as the return and common electrodes, respectively. A standard transmastoid facial recess approach was typically used to access the RW of the cochlea. The bony overhang of the RW niche was removed and a sterile, disposable monopolar probe (Neurosign; Magstim Co., Wales, UK) was placed on the membranous portion of the RW to serve as the recording electrode. A Bio-logic Navigator Pro (Natus Medical Inc., San Carlos, CA) was used for auditory stimulation and ECoG recordings. Sound was delivered through the foam inserts via Etymotic earphones (ER-3). Impedance measurements were obtained to ensure proper circuitry of the setup and if impedance was greater than 16 kohm, saline was added to the RW.
Sound Stimulation and ECoG Recordings
ECoG recordings were obtained intraoperatively, immediately before implant device insertion. The sequence of acoustic stimulation and ECoG recordings took approximately 10 min.
The recordings in each subject were obtained in response to a frequency series of 500 repetitions of 250, 500, 750, 1000, 2000, and 4000 Hz presented in alternating phase tone bursts through the sound tube at 90 dB nHL (from 95 to 110 dB SPL). The SPL RMS peak-equivalent levels were determined with a 2 ml chamber and a 0.25-in microphone and measuring amplifier (Brüel and Kjaer, Naerum, Denmark) to continuous duration tones. For 250 to 750 Hz, the rise/fall times were one or two cycles (to be not < 2 msec) shaped by a Blackman window, the plateau duration was 20 msec, the repetition rate was 17.33 Hz, the recording epoch was 32 msec, the sampling rate was 16,000 samples/sec and the filter settings were 10 to 5000 Hz. For 1000 Hz, the rise/fall was two cycles and the plateau was 10 msec, but the other settings were the same. For 2000 Hz, the rise/fall was four cycles, the plateau was 10 msec, and the filter setting was 10 to 10,000 Hz. For 4000 Hz, the rise/fall was eight cycles, the plateau was 5 msec, the repetition rate was 23.33 Hz, the epock was 10.66 msec, the sampling rate was 48,000 samples/sec, and the filter settings were 10 to 15,000 Hz. A level series at 10 dB increments was used to determine threshold, typically at a frequency of 500 Hz, unless another frequency (usually 250 Hz) had a substantially larger response. In most cases, 2 to 3 frequencies at 90 dB SPL were tested with the sound tube crimped to determine whether or not electrical artifact existed. Real-time ECoG signals measured from the RW were available for visual assessment on a laptop that was connected to the Bio-Logic device and present in the operating room.
ECoG Signal Analysis
Recorded responses to the acoustic stimuli were processed and extracted using MATLAB programming that has been previously described by Forgues et al. (2014) . Briefly, both the condensation and rarefaction waveforms of the raw signal were stored separately and analyzed with fast Fourier transformation (FFT) to produce energy spectra. Energy at the stimulus frequency and odd harmonics was derived from the difference in responses to each phase, and energy to even harmonics was determined from the average of the two responses. A derived metric called the ECoG total response (ECoG-TR) was obtained from amplitudes of significant responses at the first, second, and third harmonics summed across all stimulus frequencies. Thus, the ECoG-TR is, by definition, an across-frequency response.
Our goal was to use the total response to measure the overall output of each cochlea at the time of implantation. Peaks in the FFT were considered significant if the magnitude exceeded the mean noise level by 3 SDs. The noise and its variance were determined from six bins, three on each side of the target frequency, starting two bins away from the peak. Noise levels were typically on the order of 0.02 μV. Example recordings are displayed in Figure 1 .
Methods of Speech Perception Testing
A battery of age and developmentally appropriate speech perception tests was employed at follow-up audiology appointments at CCCDP. The speech perception tests included those typically administered by the audiologists to monitor progress in speech perception abilities. Individual speech perception test scores included, in order of increasing difficulty, the Infant and Toddler Meaningful Auditory Integration scale (IT-MAIS), the Early Speech Perception test (ESP), the Lexical Neighborhood Test (LNT), the Multisyllabic Lexical Neighborhood Test (MLNT), and the Phonetically Balanced Kindergarten (PB-k) word list. The LNT, MLNT, and PB-k tests are all tests of open set speech; that is, children are asked to repeat the word presented (Eisenberg et al. 2006; Kirk & Choi 2009 ). The complement of tests selected for speech evaluation is based on work by Wang et al. (2008) , who used these tests to devise a hierarchy for determining a speech recognition index in quiet for children who had received CIs. The advantage of this approach is that it can circumvent "ceiling" effects of speech perception testing (Eisenberg et al. 2006) , because after achieving a criterion score in one test on two separate occasions, children progress Fig. 1 . Examples of round window electrocochleographic recordings to different frequencies in two patients. Average waveforms to 250 presentations of condensation phase stimuli are shown on the left panels with corresponding fast Fourier transform (FFT) spectra on the right panels. Waveform scales are the same in A and B and the FFT scales are the same in A and B. Total response was calculated by summing the significant peaks for the first, second, and third harmonics (averaged across condensation and rarefaction phase stimuli, for a total of 500 repetitions) of the tone presented across all frequencies with a significant response. An example of each harmonic is labeled for the 500 Hz FFT spectrum in B. The response at 500 Hz was typically the largest for most patients. A, A typical recording at each of the frequencies, with the largest response seen at 500 Hz, then tapering as frequencies increased. B, This particular subject was somewhat unusual in that the response to 2000 Hz was the largest of any of the frequencies presented and there was also significant response to 4000 Hz.
to the next test. Though performance on all of these testing modalities was recorded, we were most interested in investigating the relationship between ECoG and the attainment of the open set speech that was reflective of the average vocabulary of a kindergarten-aged child (Eisenberg et al. 2006; Kirk & Choi 2009 ). Thus, we focused on PB-k test performance. Because of the hierarchical nature of speech perception testing in children, each subject who was administered the PB-k test had reached a ceiling level of performance on the previous tests (e.g., IT-MAIS, ESP, and M/LNT). All testing was completed in a sound treated booth using recorded stimuli or monitored live voice presentations at 60 dB SPL.
Programming of the CI speech processor is a dynamic process and most children are seen six times in the first 6 months after surgery to optimize the program settings, ensuring good audibility as validated by behavioral audiometric testing. By 6 months postimplantation, it is typical to obtain consistent sound detection to octave frequencies in the speech spectrum at about 25 dB HL. While speech perception abilities improve over time for children with CIs (Fryauf-Bertschy et al. 1997; Tyler et al. 2001 ), a stable speech processor program has typically been created that allows for a valid measure of speech perception ability at 9 months postimplantation. Thus, though the ECoG recordings include CI subjects typical of the entire pediatric population, at this stage, subjects with PB-k word score testing at 9 months postimplantation were a selected subset with adequate maturity and implant performance. As the remaining children progress to this stage, they will also be included in future analyses.
Whenever possible, monaural tests of hearing perception were employed to reflect speech perception only in the ear with the ECoG recording. In three subjects (three ears), only binaural PB-k testing was available, and the date of the first implant initial stimulation was used to calculate duration of implant use. In subjects for whom multiple PB-k scores were available, the best score was used in the analyses. Two children with bilateral implants for whom ECoG recordings were obtained for each implant were counted separately as two different cases, because monaural PB-k scores were obtained from each ear. Thus, the cohort of subjects with follow-up PB-k testing numbered 26 subjects and 28 ears (mean age, 5.7 years; range, 2.5 to 16.7 years).
Statistical Analyses
Variables that have been previously shown to affect speech perception outcomes were considered in addition to the ECoG recordings. These variables were both continuous (e.g., ECoG-TR, unaided PTA, age at implantation, etc.) and categorical (e.g., gender, device used, hearing aid use, full versus incomplete insertion of electrode, etc.). Univariate analyses were performed first to identify factors that alone were associated with speech perception in our cohort. Pearson's r-correlation testing was employed for continuous and categorical variables. p values from this analysis for categorical variables are functionally equivalent to p values derived from one-way analysis of variance. Variables found to be significant in univariate analyses were then included in a multiple linear regression model to determine persistence of significance of each variable after accounting for others.
One of the aims of this study was to devise a conservative model that could predict the largest variance in speech perception outcomes with the fewest factors. To achieve this, hierarchical multiple linear regression modeling was performed to quantify changes in the linear model's ability to predict speech perception outcomes after adding other variables to the model via the partial F-statistic. The partial F-test determines whether or not the addition of a variable created a significant increase in the amount of variance (R 2 change) in speech perception scores compared to the model before the addition. This same statistical approach has been validated by the largest study of speech outcomes in adult CI users (Lazard et al. 2012 ) and by a recent report of speech and language outcomes of 451 hearing impaired children (Ching et al. 2013 ).
RESULTS
Results from two groups of subjects are presented. In the first group, ECoG measurements were made in 89 ears. In the second group, speech perception outcomes were also assessed by the PB-k test in the subset of children on whom PB-k speech perception testing was performed (28 ears).
Measurement of ECoG Response Magnitude and Relationship With Preoperative PTA
Recordings from 87 of 89 ears (98%) demonstrated a significant ECoG response to at least one frequency presented (see Fig. 1 for two examples). Across all 89 ears and all frequencies, the mean value of ECoG-TR was 6.1 (SD = 14.1) dB relative to 1 μV, with a range from −34 to 41 dB. The lowest values for two subjects with no significant responses were set to the level of the average noise criterion level (0.02 μV, or approximately −34 dB). The lowest ECoG with a significant response was −25 dB. Thus, the spectrum of significant ECoG-TR across all subjects spans more than 60 dB, indicating a large range in the preoperative cochlear status of CI recipients (Fig. 2 ). There was no association between the age at ECoG recording and ECoG-TR (r 2 = 0.01; p = 0.34). For all 89 ears with ECoG recordings, 11 (12%) had absent audiometric thresholds, which were recorded as 120 dB nHL. Of these 11 ears with a PTA of 120 dB nHL, nine (82%) had a significant ECoG-TR. For subjects with postoperative PB-k testing, two (7%) had absent audiometric thresholds but a significant ECoG-TR.
The preoperative ECoG-TR from all 89 implanted ears was significantly and inversely correlated with the PTA threshold, but the correlation was small (r 2 = 0.14, p = 0.001) ( Fig. 3) . To investigate if the correlation improved if only matched ECoG and audiometric frequencies were considered, the audiometric thresholds at 500 Hz were compared to the individual ECoG response magnitudes at 500 Hz. The correlation was both small (r 2 = 0.04) and nonsignificant (p = 0.28).
ECoG Total Response According to Etiology
The magnitude of the ECoG-TR according to etiology of hearing loss is shown in Figure 4 . Interestingly, those with auditory neuropathy spectrum disorder (ANSD; n = 20 ears) showed an average ECoG-TR (19.1 dB relative to 1 μV) that was significantly higher by a two-tailed Student's t test than the ECoG-TR of subjects with congenital hearing loss without a specified etiology (3.2 dB, n = 43, df = 61, p < 0.001), enlarged vestibular aqueduct (mean = 7.2 dB, n = 10, df = 28, p = 0.008), genetic mutations (mean = −3.3 dB, n = 6, df = 24, p = 0.004), and congenital cytomegalovirus infection (−6.3 dB, n = 5, df = 23, p = 0.02). At this institution, the diagnosis of ANSD is based on single polarity stimulation auditory brainstem response (ABR) with the identification of a cochlear microphonic potential and the lack of distal waveforms. There were no other significant differences among the average ECoG-TR magnitude across etiologies.
Correlation of ECoG-TR and Bio-Audiologic Factors With PB-k Performance
Bio-Demographics of Children With Speech Perception Testing • Thirty-one implanted children from whom successful ECoG recordings were obtained have returned for follow-up speech perception testing at least 6-month postdevice stimulation. Five of the 31 (16%) had concomitant significant cognitive deficits (3) or apraxia (2) which precluded reliable performance of the PB-k test. These subjects were excluded from subsequent analyses of predictors of open set speech performance. The complete clinical and bio-demographic characteristics of the 26 subjects with PB-k testing are shown in Table 1 . Of these subjects, 12 (46%) were male, 17 (65%) had progressive hearing loss, 15 (58%) had onset of severe to profound hearing loss before age 1, and 19 (73%) were bilateral implant users at the time of testing. Predictors of Speech Perception • The mean PB-k score of the 28 ears tested for children without cognitive deficits was 66% (SD = 21%), with a range from 12% to 100%. The PB-k scores were significantly correlated with ECoG-TR, which accounted for 32% of the variance (r = 0.57, p = 0.002, n = 28) ( Fig. 5A ). Preoperative PTA thresholds were also significantly correlated with PB-k scores, predicting 37% of the variance (r = −0.61, p = 0.001, n = 28) ( Fig. 5B ). Despite these similar correlations, the correlation between preoperative PTA and the ECoG-TR was relatively weak, with an r 2 value of 0.21 (r = −0.46, p = 0.01, n = 28) ( Fig. 5C) . Table 2 shows the results of the univariate analyses of ECoG-TR and traditional predictors of speech perception, using Pearson's r-correlations for continuous and categorical variables. In addition to preoperative PTA and ECoG-TR, other significant predictors of speech perception at the α = 0.05 level included progressive hearing loss versus stable hearing loss (r = 0.47, p = 0.01) and age at PB-k testing (r = 0.41, p = 0.03). Interestingly, age at implantation, age at hearing aid use, and bilateral versus unilateral users were not significant in the univariate model. When a Bonferroni correction (α = 0.05 ÷ 12 = 0.004) was used to account for multiple comparisons, ECoG-TR and preoperative PTA were the only variables that remained significant.
Factors that were the same for all or nearly all subjects and were not analyzed further include surgical factors (all had full electrode insertions without complications and 26 of 28 were Cochlear brand implants), absence of medical comorbidities (there were no major medical comorbidities in any of the Fig. 3 . Electrocochleographic (ECoG) total response in dB relative to 1 μV vs. preoperative pure-tone average threshold in dB nHL for all implanted ears (n = 89). Pure-tone average was calculated from the average of 500, 1000, and 2000 Hz. subjects), preoperative hearing aid use (all used hearing aids preoperatively), and coding strategy (26 of 28 implants with ACE coding strategy). Multivariate Analysis of Speech Perception • Table 3 shows the results of the multivariate analyses of ECoG-TR and predictors that were significant in the univariate analysis. Because of the sample size (n = 28), we limited the multivariate analysis to the five variables that were most highly correlated with PB-k scores in the univariate analyses without Bonferroni corrections. When all of these predictors were combined in a multiple linear regression model, only ECoG-TR remained significant (standardized β-coefficient = 0.36, p = 0.046). The interpretation of this result is that the ECoG-TR captured additional information regarding residual cochlear health that was independent of the other variables. In contrast, PTA correlated highly with the other predictors. Thus, despite having the largest Pearson correlation with PB-k performance in the univariate analysis, preoperative PTA was no longer significantly associated with speech perception performance after the other variables were added in the multivariate analysis (standardized β-coefficient = −0.31, p = 0.14), showing that preoperative PTA was not a unique predictor of speech performance after these other variables were accounted for. The significant correlation between preoperative PTA and progressive versus stable hearing loss (r = 0.62, p < 0.001) supports this notion. When explicit tests of multicollinearity were performed, none of the five variables included in the multiple linear regression had a variance inflation factor greater than eight, indicating that there was not an issue of multicollinearity in our analysis. ECoG-TR had the lowest variance inflation factor (1.36), further supporting that it is a significant predictor of PB-k test performance independent of the other predictors in the model.
To determine if a particular combination of factors could account for more variation than individual factors alone, we performed a hierarchical multiple linear regression of the variables in Table 3 . The results of each iteration of various models are shown in Table 4 . Several results emerge from this analysis. First, the single addition of two of the other significant predictors identified on univariate analyses (stability of hearing loss or age at testing and PTA) to ECoG-TR resulted in a significant F-change relative to the ECoG-TR only model, indicating that Fig. 4 . Magnitude of electrocochleographic (ECoG) total response according to etiology of hearing loss, in order of increasing median value. Bold lines represent the median, the rectangles bracket the interquartile range, and the whiskers mark the upper and lower values. Outliers are denoted by circles if the value is >1.5 times the interquartile range (e.g., the length of the rectangle) from either the upper or lower edge of the box. The stars represent outliers that are more than three times the interquartile range from either the upper or lower edge of the box. The box-and-whiskers plots only include etiologies for which there were at least two cases. Three cases (1 Mondini malformation only, 1 syndromic, and 1 kernicterus without evidence of ANSD) were not included in this figure, making the number 86 instead of 89. ANSD indicates auditory neuropathy spectrum disorder; CMV, congenital cytomegalovirus infection; Congenital or unknown, either no other identified cause or unavailable medical history (e.g., adopted children); EVA, enlarged vestibular aqueduct syndrome; Genetic, confirmed genetic mutation on blood testing (Connexin or PAX3 mutation). ‡Progressive hearing loss was defined as a greater than 10 dB progression in the threetone PTA threshold, recorded on more than one visit, in the absence of fluctuation. §PTA was derived from averaging the thresholds obtained at 500, 1000 and 2000 Hz and is relative to nHL. Those determined to have thresholds of "no response" were assigned a PTA of 120 dB nHL. ANSD, auditory neuropathy spectrum disorder; CI, cochlear implant; ECoG, electrocochleography; PB-k, phonetically balanced kindergarten word list; PTA, pure-tone average. these other variables offered predictive power independently from ECoG-TR. Second, when combined, these three factors could account for ~50% of the variance in outcomes.
TABLE 1. Clinical and bio-demographic characteristics of selected pediatric patients with follow-up PB-k scores (n = 26)
Characteristic
In contrast, when the ability of PTA to predict speech perception performance was examined through a similar analysis, the addition of hearing stability and age at testing did not significantly increase the adjusted R 2 value of PTA alone, showing that the PTA subsumed these factors and thus did not provide additional information in the same fashion in which ECoG-TR did. The maximum variance accounted for without the ECoG, but including age at testing and hearing stability (adjusted R 2 = 0.36) was thus equivalent to the PTA alone, which was 37%. In this scenario, because the other two factors did not result in a significant change in the r 2 value above that achieved by PTA alone, the use of the adjusted R 2 value, rather than the unadjusted value, is justified to determine the amount of variance predicted by all three of these factors together, as appears in Table 4 .
Bilateral ECoG Recordings
As described, ECoG recordings were obtained from both cochleae in 12 subjects. Of these, 11 were sequentially implanted and 1 was simultaneously implanted. In many cases there were large differences in ECoG-TR between the two ears ( Fig. 6 ). The magnitude of the differences in ECoG-TR between the two sides ranged from 3.4 to 32.3 dB relative to 1 μV. In seven subjects (58%), the ECoG-TR on the second side was lower compared to the first side, and in five subjects the ECoG-TR was higher. The correlation between ECoG-TR on the first side versus the ECoG-TR on the second side was small and nonsignificant (r 2 = 0.18, p = 0.17).
DISCUSSION
We and other investigators have previously shown that intraoperative RW ECoG is a highly informative measure of preimplant cochlear functional status that can be quickly and reliably obtained from nearly all implant recipients (Choudhury et al. 2012; Radeloff et al. 2012; Fitzpatrick et al. 2014) . We have also shown that knowledge of cochlear health obtained from RW ECoG can be predictive of speech perception outcome in adults (Fitzpatrick et al., 2014) . Here, we show that ECoG measurements can be predictive of speech perception outcomes in a subset of the pediatric implant recipients. These results hold promise for early identification of children who may require more proactive aural-oral rehabilitation strategies and for providing prognostic information about speech perception performance. Fig. 5 . Relationship between the phonetically balanced kindergarten (PB-k) word scores, electrocochleographic (ECoG) total response, and preoperative pure-tone average (PTA). A, Correlation between ECoG total response and PB-k word scores. B, Correlation between PB-k word scores and preoperative PTA thresholds. C, Correlation between preoperative PTA and ECoG total response. Note that the PTA values are arranged in reverse order on the vertical axis to show the relationship of increasing residual hearing measured by PTA threshold with increasing ECoG total response. The vertical axis for panels A and B are the same. For all three plots, n = 28 ears from 26 different patients. 0.004 , which is the more stringent significance threshold given the Bonferroni correction for α = 0.05 and n = 12 comparisons. ‡Progressive hearing loss was defined as a greater than 10 dB progression in the three-tone PTA threshold, recorded on more than one visit at least 1 month apart, in the absence of fluctuation. CI, cochlear implant; ECoG, electrocochleography; PB-k, phonetically balanced kindergarten word list; PTA, pure-tone average obtained from thresholds at 500, 1000, and 2000 Hz; SPHL, severe to profound hearing loss.
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ECoG Recordings in the Pediatric Population
All but a small proportion (2%) of the 77 pediatric CI recipients demonstrate a measurable physiologic cochlear response to acoustic stimulation. This measure thus identifies remaining cochlear function even in some children who show no responses or undetectable thresholds with preoperative auditory brainstem response or behavioral audiometry. The fact that intraoperative RW recordings take only about 10 min and use equipment commercially available for measuring ABRs argue for the feasibility and practicality of RW ECoG in the pediatric population.
The total response from 89 recordings obtained from 77 ears that were subsequently implanted ranged over 60 dB, or more than three orders of magnitude. The large range of responses offers a useful continuous variable with which to compare speech perception outcomes. In some cases, ECoG recordings may be better able to detect cochlear responses to sound than behavioral audiometry, particularly in young children who can be difficult to test. It is often the case that preoperative threshold testing for at least one frequency is determined to be "no response," both in behaviorally obtained audiograms and from sedated ABRs. These values are coded as 120 dB nHL, and thus could produce a "plateau" effect of this continuous variable if many children with different thresholds are categorized as having thresholds of 120 dB nHL. Moreover, sedated tone-burst or click-based ABRs do not correlate well with behavioral threshold testing, especially at frequencies of 250 and 500 Hz (Stueve & O'Rourke 2003; Johnson & Brown 2005) . Behavioral thresholds themselves, whether by visual reinforcement audiometry or conditioned play audiometry, suffers from test-retest inconsistencies (Lidén & Kankkunen 1969) , also particularly at 250 and 500 Hz (Parry et al. 2003) . These low frequencies, which are the least amenable to behavioral or ABR testing, are the region that dominates the ECoG response magnitude in children and adults (Fitzpatrick et al., 2014) . It is therefore possible that intraoperative ECoG can serve as a useful adjunct to other tests by offering an easily obtainable and objective evaluation of remaining cochlear physiology.
There was only a small correlation between ECoG-TR and PTA (r 2 = 0.14, p < 0.001). This result may be accounted for by the anecdotal evidence that behavioral factors such as attentiveness and cooperation of the child during audiometric testing will contribute to variability in PTA thresholds but not ECoG-TR. Consistent with this possibility, the correlation between ECoG response and behavioral audiometry at 500 Hz alone was worse than the ECoG-TR versus the PTA for the subset of children with PB-k testing. As mentioned above, this is a particularly difficult region to test behaviorally. Thus, ECoG-TR can fill this gap in information about cochlear response to low frequency acoustic stimuli.
ECoG, PTA, and Speech Perception Outcomes in the Pediatric Population
To reliably complete PB-k testing, subjects must be sufficiently mature and have successfully completed speech performance tests appropriate to earlier stages in a hierarchical test battery. In our study, the ECoG testing began in 2011, and since most children are implanted as early as possible, many were too young for testing with PB-k words to be appropriate at the time of data analysis. Because age at onset of deafness varied in this cohort of children, the subjects with PB-k scores represent a special subset of the larger population of pediatric implant recipients, including a few children with congenitally profound deafness who were tested early enough in the study that they have reached the stage of PB-k testing (n = 6/28), and others who were at least perilingual, because they were not implanted until after age two (n = 22/28). Speech perception outcomes in all of the children will be examined longitudinally, and therefore future reports will present the ability of the ECoG measurements to predict outcomes in even the youngest pediatric CI recipients.
ECoG Recordings and Outcomes on the PB-k Test of Speech Perception
Many previous studies have endeavored to identify the factors responsible for the highly varied performance in open set speech perception following implantation of children (e.g., Geers et al. 2003; Stacey et al. 2006; Ching et al. 2013) . These prior investigations have demonstrated that preoperative hearing thresholds account for ~20% of the variance in speech performance, and have suggested that perhaps nonbiologic factors, such as socioeconomic status, family characteristics such as maternal education level, and use of solely oral versus total communication at home, are equally important predictors of speech outcomes (Geers et al. 2003; Spencer 2004; Ching et al. 2013; Dunn et al. 2014 ). In the recently published and largest study to date investigating these relationships, a 14-variable model that included socioeconomic factors, educational variables, and audiologic test results together accounted for 40% of the variance in a global outcomes score that included both speech perception and language production in 451 profoundly hearing impaired children (Ching et al. 2013) . Previous studies point to a substantial proportion of variance in speech perception outcomes, which is unaccounted for by clinically available testing. Information gained from intraoperative ECoG testing may help explain additional variability in pediatric speech perception outcomes.
The reasons why ECoG provides a better correlation with implant speech perception than more direct measures of neural survival such as electrical stimulation at the promontory are not clear. Recent studies using psychophysical (Lee et al. 2007; Alfelasi et al. 2013) or ABR results (Nikolopoulos et al. 2000) found significant but small correlations between promontory stimulation and implant speech perception (r 2 values ranged from 0.10 to 0.26). Studies using ECAP measurements based on implant electrode stimulation also report significant but small correlations with speech perception outcomes (Kim et al. 2010) . Still, in contrast to electrical stimulation, the relationship between ECoG-TR and speech outcomes is indirect, because the ECoG-TR is a response to acoustic stimulation that includes hair cell as well as neural contributions. A hypothesis is that a large ECoG-TR measures the overall physiological health of the cochlea in most situations (see the discussion of ANSD cases subsequently), and hence is related to neural survival available for electrical stimulation. This view is consistent with studies in animals which show the synapse between hair cells and nerve fibers to be more sensitive to a noise insult than hair cells, which have generally been considered the most vulnerable site in the cochlea. Once the synapse is severed, the nerve dendrite and spiral ganglion cell survive for months to years (Kujawa & Liberman 2009; Lin et al. 2011) . Similar results are suggested from analysis of human temporal bones (Makary et al. 2011 ). Thus, a cochlea with substantial hair cell activity can implicate a population of underlying surviving nerve fibers that are available for stimulation.
To our knowledge, there are no previous studies on the use of RW ECoG in pediatric subjects for predicting speech perception outcomes. We have demonstrated that intraoperative RW ECoG is significantly predictive of postoperative speech perception outcomes in pediatric implant recipients, which alone can account for 32% of the observed variance. We must caution against an over-interpretation of these initial results, however, as the present study only included 26 children, and these are a selected, somewhat older group than the population of pediatric implant recipients as a whole. The lower correlation between ECoG-TR in children versus adults (32 versus 47%, Fitzpatrick et al. 2014) was not unexpected given the multitude of additional factors that influence the development of aural-oral communication in pediatric subjects.
Multiple Hierarchical Linear Regression Using ECoG and Other Predictors of PB-k Scores
In the multivariate analysis, the ECoG-TR was the single largest contributor in terms of associated β-coefficients to performance in the PB-K word test. This result indicates that the other factors included, age and hearing stability, co-varied more with PTA than with ECoG-TR. Additionally, ECoG-TR was the only predictor identified in the univariate analysis that remained significant in the multivariate analysis after including the other predictors (Table 3) .
Using hierarchical multiple linear regression, the most conservative models that best predicted outcomes included three variables: ECoG-TR and any two of PTA threshold, age at PB-k testing or hearing stability. Each of the three factor models predicted approximately 50% of the variance in word scores (Table 4 ). The models including age at PB-k testing were expected to be the more robust, because age is a continuous 
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FORMEISTER ET AL. / EAR & HEARING, VOL. 36, NO. 2, [249] [250] [251] [252] [253] [254] [255] [256] [257] [258] [259] [260] variable with no ambiguity in measurement. Information unavailable for consideration in the univariate or multivariate regression models included socioeconomic status, parental education levels, and formal cognitive testing to produce a nonverbal intelligence score, all factors previously shown to impact implant performance Geers et al. 2003; Ching et al. 2013) . It is likely that addition of these variables, if obtainable, would further increase the model's capacity to predict speech perception outcomes. However, the three variable model of ECoG-TR, PTA, and age at PB-k testing provides a better prediction of the variance in speech performance (50 versus 40%) than the 14-variable model described by Ching et al.
ECoG Versus Preoperative PTA for Predicting Speech Perception
In our sample, PTA thresholds predicted a larger percentage of variance in speech perception performance (37%) than ECoG recordings (32%). The proportion accounted for by PTA is higher than in the aforementioned previous studies, where a correlation close to 20% is common. The reason for this high value for PTA in our case is not clear. Measurements of PTA from adults at the same institution show predictability for CNC word score of 20%, similar to that of other studies (Fitzpatrick et al. 2014 ). Of course, there are other factors inherent in speech perception testing children, such as the level of attention and cooperation on a given day that can make the results more variable.
Relationship Between ECoG Total Response and ANSD
An interesting finding that emerged when ECoG-TR was stratified by etiology was that children with a diagnosis of ANSD (n = 20), on average, had a significantly higher ECoG-TR when compared to the other etiologies (Fig. 4) . It is presumed that this higher ECoG-TR in children with ANSD can be explained by particularly large hair cell potentials seen in the ECoG recordings, especially the cochlear microphonic. Consistent with the large ECoG-TR, speech perception in the ANSD subjects clustered near the top, with an average of 81% correct in the five children. Interestingly, this differential attainment of open set speech in implant recipients with ANSD is in contrast to the result seen in one adult subject with ANSD, whose open set speech perception was worse than the ECoG-TR would predict (Fitzpatrick et al. 2014) . Relatively poor speech perception would be expected in at least some ANSD children as well, if they have a large cochlear microphonic but substantial loss of neural elements to be stimulated electrically. That such cases were not seen in our present sample points to the varied nature of ANSD. Indeed, in one case there was a large ECoG-TR and a high PB-K score, but minimal demonstrable nerve activity in terms of a compound action potential or auditory nerve neurophonic seen on the ECoG recording. In this child, it is likely that the site of the neuropathy is presynaptic, and thus, implantation can bypass the lesion and stimulate existing nerve fibers that are not connected to functioning inner hair cells. Other ECoG studies have also identified a varied ECoG profile with ANSD subjects (McMahon et al. 2008; Santarelli et al. 2008; Wang et al. 2009 ). Because RW ECoG can offer additional information regarding the type of cochlear response (e.g., hair cell versus neural activity) future studies that quantify these differential contributions to the overall ECoG in a larger population of children with ANSD will be valuable.
ECoG Recordings in Bilaterally Implanted Children
To date, we have obtained ECoG recordings from both cochleae of 12 pediatric subjects, including 11 who were sequentially implanted and 1 who received simultaneous bilateral implants. There was a wide range in the absolute differences of ECoG response between the first side and second side, and in some cases (5 of 12 subjects), the second side showed larger responses than the first side (Fig. 6 ). This finding was unexpected because the first implant is typically performed in the ear with poorer thresholds, as measured by the audiogram. This discrepancy between ECoG-TR and behavioral thresholds again suggests that each test is measuring different properties of residual hearing.
The only child on whom bilateral recordings were obtained during simultaneous bilateral implantation is noteworthy because this subject demonstrated the largest difference in ECoG-TR magnitude between sides (32 dB relative to 1 μV). Consistent with this large disparity between cochlear responses, the subject also showed the largest difference in preoperative PTA threshold between sides (27 dB). The etiology of this child's hearing loss was pneumococcal meningitis, and it is conceivable that ongoing postmeningitis fibrosis was occurring asymmetrically in the two cochleae. As yet, there are not enough bilaterally implanted children with bilateral recordings to investigate factors that could affect the difference in ECoG-TR between sides, such as the etiology of hearing loss, the time interval between the first and second implantation, or the hearing stability (progressive versus stable).
Potential Clinical Use of ECoG Recordings in Pediatric Implant Recipients
An important implication that arises from the predictive power of RW ECoG is that clinicians and parents or guardians could gain important prognostic information about a childhood's likelihood of attaining open set speech. Consequently, a priori identification of children who will likely perform poorly based on low ECoG-TR will help target earlier and more aggressive auditory and speech rehabilitation interventions that could lead to improved implant performance. In a different scenario, a child who demonstrates a very high ECoG-TR but consistently performs poorly on tests of speech perception could alert audiologists to this incongruence and perhaps guide changes in techniques for optimal implant performance, such as electrode mapping parameters, or an investigation into surgical factors causing the discrepancy. For example, scalar position of the electrode is an important parameter of subsequent speech performance, with insertions that remain within scala tympanic providing better outcomes than those that begin in in or crossover to scala vestibuli (Finley et al. 2008; Holden et al. 2013; Wanna et al. 2014) . Results from these studies suggest that combining imaging of electrode position with ECoG-TR could provide a better prediction of implant speech outcomes than either one alone.
CONCLUSIONS
The present investigation demonstrates the utility of ECoG measurements for assessing residual cochlear health and predicting speech perception outcomes in pediatric CI recipients. The simplicity in obtaining recordings and the ability for ECoG-TR to account for a larger proportion of variance in speech outcomes than traditional bio-psycho-social factors supports its clinical use in pediatric cochlear implantation. It is apparent from the statistical analysis that ECoG recordings can provide information that augments the clinical data that is typically available in preoperative audiology and otolaryngology clinic visits. Future investigations will focus on ongoing analyses of speech perception outcomes in children implanted by age one and ECoG-TR according to different etiologies as more follow-up data accrues.
